Global optimization of transition paths in complex atomic scale systems is addressed in the context of misfit dislocation formation in a strained Ge film on Si(001). Such paths contain multiple intermediate minima connected by minimum energy paths on the energy surface emerging from the atomic interactions in the system. The challenge is to find which intermediate states to include and to construct a path going through these intermediates in such a way that the overall activation energy for the transition is minimal. In the numerical approach presented here, intermediate minima are constructed by heredity transformations of known minimum energy structures and by identifying local minima in minimum energy paths calculated using a modified version of the nudged elastic band method. Several mechanisms for the formation of a 90
include and to construct a path going through these intermediates in such a way that the overall activation energy for the transition is minimal. In the numerical approach presented here, intermediate minima are constructed by heredity transformations of known minimum energy structures and by identifying local minima in minimum energy paths calculated using a modified version of the nudged elastic band method. Several mechanisms for the formation of a 90
• misfit dislocation at the Ge-Si interface are identified when this method is used to construct transition paths connecting a homogeneously strained Ge film and a film containing a misfit dislocation. One of these mechanisms which has not been reported in the literature is detailed. The activation energy for this path is calculated to be 26% smaller than the activation energy for half loop formation of a full, isolated 60
• dislocation. An extension of the common neighbor analysis method involving characterization of the geometrical arrangement of second nearest neighbors is used to identify and visualize the dislocations and stacking faults.
Introduction
Transitions substrate. This system can be used in a wide range of practical applications including photonic [1, 2, 3, 4] and electronic [5] devices. It can also be used as an intermediate substrate for growing GaAs [6, 7] or GaP [8] films on silicon.
The lattice constant of Ge is 4% larger than that of Si so a large strain builds up in the Ge film preventing coherent growth for more than a few monolayers (MLs). The strain can be released by the formation of three-dimensional islands in the Stranski-Krastanow growth mode [9] which after coalescence gives a film with a high density of threading dislocations (TDs) (i.e. dislocations crossing the film) [10] greatly deteriorating the film properties. Island formation can be prevented by low temperature deposition [11] or by the use of surfactants [12] .
The strain is then released by the formation of misfit dislocations (MDs) . Some experiments have demonstrated the possibity of forming films with a low density of TDs [13, 14, 15, 16] , where the strain is released by a regular array of 90
• MDs (also known as edge or Lomer dislocations) at the film-substrate interface [13, 16] . Such films can have high performance in various devices. Since the 90
• MDs are sessile, i.e. they are not mobile, and should be placed at the Ge/Si interface while dislocations preferably nucleate at the surface, the formation mechanism is not direct. An understanding of the formation mechanism could help optimize growth conditions of high performance films.
In the Ge/Si(001) system, mainly two types of MDs are efficient for relaxing the film strain. 
where a is the Si lattice constant, and (a/2)[011](111) indicates that the MD has a Burgers vector of (a/2)[011] and that it glides on the (111) plane.
In early simulation work, the nucleation of a 90
• MD in a Ge/Si(001)
was studied with a quasi-two-dimensional model [19] . Recently, a full threedimensional simulation was carried out for a thin Ge film using the StillingWeber empirical potential to describe the atomic interactions [20] . By adding a repulsive bias potential [21, 22] , the relaxation of a coherent thin Ge/Si(001) film led to the formation of a straight 90
• MD at the Ge/Si interface. The closest minimum energy path (MEP) to this relaxation process was determined using the nudged elastic band (NEB) method [23, 24] . The transition path found in this way involves first the formation of a 60 
60
• MD. We also introduce a modified version of the common neighbor analysis (CNA) method [27, 28] and use it to identify dislocations and stacking faults in the diamond lattice. The modified CNA method is presented in Appendix A, and the modified NEB method in Appendix B.
Methods

Model system
A strained layer of Ge on a Si(001) substrate was modeled using the StillingerWeber potential function to describe the atomic interactions [29] . The parameters in the potential function were taken from Ref. [30] . This empirical potential function is, of course, only an approximation to the atomic interactions, but it is a commonly used approach for simulations of large Si and Ge systems. The system size needed to describe the phenomena studied here makes the computational effort for quantum mechanical density functional calculations pro-hibitively large. We note that transition states and energy barriers tend to be overestimated by the Stillinger-Weber potential as it does not properly account for rehybridization [31, 32] . An overestimate of the activation energy for the dislocation nucleation can, therefore, be expected from calculations using the Stillinger-Weber potential.
The system size considered here is 153. 
Global optimization procedure
The procedure for optimizing the transition path is illustrated in Fig. 1 .
In order to explore the configuration space and identify possible intermediate The choice of the cutting planes for the heredity transformation was made intuitively keeping in mind that the goal is to generate and select configurations which can be visited along the path from the initial to the final configuration.
The best results were obtained using planes from the (111)-type family. It would be of great interest to find an efficient way to automate these choices as is sometimes done in genetic algorithms. The challenge here is that the algorithm would need to handle both a set of configurations and a set of paths and would need to use an objective function taking both the energy and the connectivity of the configurations into account.
The procedure can be best illustrated by considering the early stage of the global optimization. We consider a transition between an initial commensurate configuration shown in Fig. 2a and a final configuration with a straight 90 • MD crossing the system shown in Fig. 2b . In order to visualize the dislocation, the second neighbor CNA method described in Appendix A is used to identify atoms that are locally not in a perfect diamond lattice environment. Only these atoms are then rendered. A NEB calculation starting from a linearly interpolated path between these two configurations leads to a path in which an overextended dislocation half-loop forms. Because of this overspreading, the activation energy is larger than 50 eV and depends on the system size.
The nucleation event can be localized using the procedure described in Fig.   1 . A configuration is generated through a heredity transformation by selecting In the end, the optimal transition path is constructed from a sequence of minimum energy paths between a subset of the intermediate configurations so as to give the smallest rise in energy along the path and, thereby, the smallest activation energy for the transition. In this example, the set initially contains 4 intermediate configurations, C 1 , C 2 , C 3 and C 4 . In order to generate new intermediate configurations, two parent configurations are selected from the set and a heredity transformation is carried out to generate a new, child configuration. After local minimization, minimum energy paths are calculated between each parent and child configuration and new low energy configurations C 5 and C 6 appearing as minima along the paths are added to the set. Additional low energy configurations can also be found from NEB calculations of minimum energy paths between pairs of low energy configurations. In the present example C 7 is extracted from an NEB calculation between C 2 and C 6 . By adding more and more intermediate configurations, the potential energy surface is further explored and improved path are progressively found. coordinates from the final configuration for all the atoms which are in between the two green planes shown in Fig. 3a , and from the initial commensurate configuration for the other atoms. The resulting configuration after relaxation is shown in Fig. 3a . This configuration features a short segment of a 90
• MD terminated by two threading dislocations. It has an energy almost 120 eV larger than the commensurate configuration. However, when running an NEB between the initial configuration and this configuration, we find along the path a configuration having a lower energy than the initial configuration.
This configuration is shown in Fig. 3b . It features defects (dislocations and a stacking fault) which constitute a localized seed for the formation of a straight 90
• MD crossing the whole system. By using different planes in the heredity transformation, several nonequivalent intermediate configurations of low energy can be found an used to optimize the transition path.
Results
An optimization of the transition path for the formation of a straight 90
• dislocation at the interface between the Ge film and the Si substrate was carried out and several mechanisms were identified from the calculations. Since this article focuses on the methodology, only one mechanism which has not been reported previously is shown. Its energy profile is presented in Fig. 4a with a close-up on the first part of the path in Fig. 4b . The calculated formation (a) (b) Figure 3 : Configuration generated by heredity transformation (a). Along the path obtained from a NEB calculation between this configuration and the initial defect free configuration (Fig. 2a) , a configuration of low energy is found (b). Only atoms in a local environment that does not correspond to a diamond lattice are represented. The orange atoms are those whose local environment corresponds to a hexagonal diamond lattice. The green planes, are the planes which were used in the heredity transformation. The dark gray (001) plane corresponds to the substrate-film interface.
mechanism corresponding to this path has an activation energy of 39.8 eV.
Some configurations along the transition path are represented in 
By combining Eqs. (2) and (4) and reversing the direction for one dislocation experimentally measured intrinsic stacking fault energy varies from about 3.7 to 6.3 meV/Å 2 [35] . By adding this stacking fault energy to our model, the activation energy would increase by less than 2 eV.
(a) 
A B C C D E Finally, due to the periodic boundary conditions used in our system, the gliding threading dislocations meet and react with the partial dislocations until only a straight 90
• MD remains at the interface. This reaction causes a large decrease in energy due to the annihilation of the threading dislocations. This is not described in detail here since it is a consequence of the periodic boundary conditions.
Discussion
The energy barrier obtained here, 39.8 eV, is too high for it to be overcome by thermal fluctuations at experimentally relevant temperatures. However, this does not mean that the corresponding mechanism is irrelevant. Many atomistic calculations of the nucleation of dislocations in semi-conductor materials predict high activation energies [19, 38, 39, 40] .
One possible explanation for the large barriers is that dislocations form from existing defects whereas our calculations were carried out starting from a defectfree system. The activation energy could be significantly lowered by including defects in the initial configuration. When starting from a defect free film (Fig.   2a ) as was done in this study, the formation of a straight 90
• MD leads to the formation of double-layer steps on the surface as shown in Fig. 2b . This is energetically unfavorable since step atoms have dangling bonds. However, if the initial film contains a vacancy stripe, the formation of the 90
• MD can eliminate the surface steps and new bonds are formed. Furthermore, steps act as stress concentrators. [41, 42, 43, 44, 45, 40, 46, 47, 48, 49] . Preliminary calculations indicate that the presence of steps on the surface lowers the activation energy by about 12 eV. Points defects such as impurities can also facilitate the nucleation of dislocations [50] .
Another explanation for the large activation energy is the inaccuracy of the empirical potential. To the best of our knowledge, the only empirical potentials which have been parameterized for GeSi are the SW and the Tersoff potentials [51, 52, 53] . The issue is that no dislocations were included in the training set for these parameterizations. These potentials should therefore not be expected to properly describe rehybridization at the dislocation core and they are expected to overestimate the dislocation core energy. Preliminary calculations using the Tersoff potential show that the activation energy is lowered by about 10 eV as compared to the SW potential. When comparing different mechanisms, the difference in activation energy is found to be similar with the SW and Tersoff potentials. Despite the lack of quantitative accuracy of the semiempirical potentials, we expect that the main features of the mechanisms found for dislocation formation could still hold.
The mechanisms for the formation of 90
• MDs previously presented in the literature require as a first step the formation of a 60
• MD [17] which is usually assumed to occur through the half loop nucleation process. In a previous study of the same system and using the Stillinger-Weber potential, it was shown that the half loop nucleation of a 60
• MD has an activation energy of 54 eV [20] .
Since the new mechanism presented here has a significantly lower activation energy, 39.8 eV, we can conclude that unless a more favorable mechanism for the formation of a 60
• MD exists, the formation of a 90
• MD through the mechanism presented in Figs. 5 and 6 is more likely than the formation of a 60
• MD. Furthermore, unlike previously reported mechanisms, the mechanism identified here requires the crossing of only one large scale energy barrier. This mechanism could thus explain the fact that for Germanium rich GeSi films on Si(001) substrates mainly 90
• MDs and only a few 60
• MDs have been experimentally observed [14, 16, 36] .
When 90
• MDs form by this new mechanism, a stacking fault should be left in the film. Experimentally stacking faults are, however, rarely found for Ge/Si(001) films and when they are observed [54, 55, 56, 57, 58] , they are assumed to form either because of the presence of impurities [55, 56] , or because of island formation in the Stranski-Krastanow growth mode [57] , or by the presence of an amorphous layer [58] . A possible explanation for the fact that stacking faults are not observed experimentally is that they disappear after the formation of the 90 • MD. Indeed, two Shockley partial dislocations can glide toward each other on the (111) plane and react to form a 90
A second explanation could be that experimentally, a low temperature buffer layer is often used prior to the high temperature deposition of the complete film [14, 15, 16, 55] . Bolkhovityanov et al. have suggested that the buffer layer already contains 60
• MDs which initiate the formation of 90
• MDs through the induced nucleation of complementary 60
• MDs [37] . We expect that the mechanism presented here should be dominant when the film is very thin, i.e.
at early stages of Ge film growth. Assuming that the shape of the stacking fault is independent of the film thickness, h, the area of the stacking fault and the stacking fault energy are proportional to h 2 . Clearly, there will be a critical thickness above which the mechanism presented here becomes less efficient than other known mechanisms.
Summary
We have presented an approach for the global optimization of a transition This method has been implemented in the visualization software OVITO [33] and can be used in the dislocation extraction algorithm [33, 34] to automatically identify dislocation defects and their Burgers vectors in crystals with diamond structure.
Appendix B. Modified NEB method
The NEB method [23, 24, 60] can be used to relax a given initial path to the nearest MEP. The path is discretized by creating a set of N configurations (or 'images') of the system. Each image, i, is defined by its position vector R i . An intermediate image (i.e. 1 < i < N ) interacts with its previous and subsequent image by an artificial spring to control the distribution of images along the path.
The component of the gradient of the atomic interaction energy, V (R i ), along the tangent is removed to prevent it from interfering with the way the springs distribute the images. In the usual implementation of the NEB, the spring force on image i is applied only along the tangent direction of the pathτ i in order to prevent the chain from cutting corners where the MEP is curved. The total force acting on an intermediate image is then given by
where the perpendicular component of the gradient is given by
and the spring force is calculated as
with k being the spring constant.
Provided the number of images is large enough, the relaxation of the chain converges to an MEP. However, when a transition path involves a large number of intermediate minima and the number of images is small compared to the complexity of the path, the convergence of the NEB method can be problematic. earlier [24] . However, the present implementation differs from the previous one in that the improved tangent definition is used [61] , as it has been shown to significantly improve the convergence of NEB calculations. The force acting on an image is then given by In this study, all our NEB calculations are carried out with the modified NEB method until the maximum value of the norm of the 3N -dimensional force vector of each image has dropped bellow 0.01 eV/Å.
